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Abstract
BACKGROUND
Radionuclides produce Cherenkov radiation (CR), which can potentially activate photosensitizers (PSs) in phototherapy. Several groups have studied Cherenkov energy transfer to PSs using optical imaging; however, cost-effectively identifying whether PSs are excited by radionuclide-derived CR and detecting fluorescence emission from excited PSs remain a challenge. Many laboratories face the need for expensive dedicated equipment.

AIM
To cost-effectively confirm whether PSs are excited by radionuclide-derived CR and distinguish fluorescence emission from excited PSs.

METHODS
The absorbance and fluorescence spectra of PSs were measured using a microplate reader and fluorescence spectrometer to examine the photo-physical properties of PSs. To mitigate the need for expensive dedicated equipment and achieve the aim of the study, we developed a method that utilizes a charge-coupled device optical imaging system and appropriate long-pass filters of different wavelengths (manual sequential application of long-pass filters of 515, 580, 645, 700, 750, and 800 nm). Tetrakis (4-carboxyphenyl) porphyrin (TCPP) was utilized as a model PS. Different doses of copper-64 (64CuCl2) (4, 2, and 1 mCi) were used as CR-producing radionuclides. Imaging and data acquisition were performed 0.5 h after sample preparation. Differential image analysis was conducted by using ImageJ software (National Institutes of Health) to visually evaluate TCPP fluorescence.

RESULTS
The maximum absorbance of TCPP was at 390–430 nm, and the emission peak was at 670 nm. The CR and CR-induced TCPP emissions were observed using the optical imaging system and the high-transmittance long-pass filters described above. The emission spectra of TCPP with a peak in the 645–700 nm window were obtained by calculation and subtraction based on the serial signal intensity (total flux) difference between 64CuCl2 + TCPP and 64CuCl2. Moreover, the differential fluorescence images of TCPP were obtained by subtracting the 64CuCl2 image from the 64CuCl2 + TCPP image. The experimental results considering different 64CuCl2 doses showed a dose-dependent trend. These results demonstrate that a bioluminescence imaging device coupled with different long-pass filters and subtraction image processing can confirm the emission spectra and differential fluorescence images of CR-induced TCPP.

CONCLUSION
This simple method identifies the PS fluorescence emission generated by radionuclide-derived CR and can contribute to accelerating the development of Cherenkov energy transfer imaging and the discovery of new PSs.
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Core Tip: Radionuclides produce Cherenkov radiation (CR), which can potentially activate photosensitizers (PSs) in phototherapy. However, a cost-effective method to determine whether radionuclide-derived CR excites PSs and the measurement of fluorescence emitted by excited PS remain elusive. We propose a cost-effective method using a charge-coupled device optical imaging system combined with long-pass filters and subtraction image processing to distinguish CR and PS fluorescence emission. As a proof-of-concept, 64CuCl2 and the PS tetrakis (4-carboxyphenyl) porphyrin were used in the experiments. This method can contribute to accelerating the development of Cherenkov energy transfer imaging and the discovery of new PSs.

INTRODUCTION
Cherenkov radiation (CR) is the emission of photons when a charged particle moves faster than the speed of light in a medium[1]. Various radionuclides produce Cherenkov optical emission[2], which can potentially activate photosensitizers (PSs). This comprehensive phenomenon is interesting for various applications, including phototherapy, because it overcomes the limitations of light penetration[3,4]. Various researchers have been investigating CR-induced photodynamic therapy using certain radioisotopes[5-8]. Unfortunately, the availability of suitable PSs is currently limited and more effective PSs are needed.
Recently, photons from CR emitted from common radioisotopes have been detected using a highly sensitive charge-coupled device (CCD) optical imaging system[9,10]. However, when the radionuclide and PS coexist, the broad and continuous spectrum of the Cherenkov optical emission overlaps with the PS emission spectrum, obscuring the latter. Confirming whether the CR excites the PS is challenging because the required dedicated optical imaging devices (with built-in filters) are expensive. A method for distinguishing the Cherenkov optical emission from the PS fluorescence without expensive, dedicated instruments would benefit laboratories.
We evaluate whether an optical imaging system based on a CCD camera and different long-pass filters (Figure 1) can effectively detect and separate the radionuclide-derived CR emission from the CR-induced PS fluorescence spectrum. We used commercially available tetrakis (4-carboxyphenyl) porphyrin (TCPP) as a model PS, which can be conjugated to nanomaterials and applied to antimicrobial and anticancer phototherapies[11,12]. Among the various types of PSs, porphyrin-based PSs are commonly used for phototherapy[13]. The beta-emitting isotope Copper-64 (64CuCl2; T1/2 = 12.7 h; β+, 0.653 MeV; β−, 0.579 MeV) was employed as a CR-producing radionuclide. This is a simple and cost-effective method to determine whether the fluorescence emitted from the PS is effectively the result of excitation by CR from a radionuclide.

MATERIALS AND METHODS
Materials
TCPP (molecular weight: 790.79) was purchased from Tokyo Chemical Industry Co., Ltd. (TCI, Tokyo, Japan). The chemical structure of TCPP is shown in Figure 2A. Phosphate Buffer (PB) was purchased from Wako Pure Chemical Co. (WAKO, Osaka, Japan). The beta-emitting isotope 64CuCl2 was synthesized and provided by the Institute’s Department of Advanced Nuclear Medicine Sciences (Chiba, Japan).

Examination of photo-physical properties of TCPP
Aqueous solutions of 0.1 mol/L TCPP were prepared by dissolving TCPP powder in PB (pH 7.4). The TCPP sample (100 µmol/L) was transferred to a 96-well plate. A SpectraMax M5 microplate reader (Molecular Devices, LLC, San Jose, CA, United States) with an operating range of 300–850 nm in 10 nm increments was used to record the absorbance spectrum of the sample. The three-dimensional fluorescence spectrum of TCPP was acquired using a JASCO FP-6600 fluorescence spectrometer (JASCO, Tokyo, Japan) equipped with a xenon lamp. The fluorescence emission intensity (FI) was measured at excitation wavelengths ranging from 350 nm to 600 nm in 5 nm increments. The emission wavelengths were measured in the 350–850 nm range in 2 nm increments. These measurements enabled the maximum excitation and emission wavelengths of TCPP to be determined.

Measurement of the concentration-dependent TCPP fluorescence intensity
The concentration-dependent FI of TCPP was measured using an Infinite 200 PRO multimode microplate reader (Tecan Japan Co., Ltd., Kawasaki, Japan) by setting the excitation wavelength to 430 nm, emission wavelength to 670 nm, gain to 79, and by integrating for 20 µs. A series of different TCPP concentrations (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, and 80 µmol/L) in PB were used for FI measurements. For spectral analysis, low TCPP concentrations (5, 10, 15, 20, 25, and 30 µmol/L) were measured using a multimode microplate reader (Tecan) operating in the emission wavelength range of 500–850 nm in 2 nm increments. The acquired FI was plotted against the wavelength.

Imaging with the VISQUE fluorescence imaging device
To visualize the LED-induced fluorescence emission from TCPP, TCPP solutions (1 mmol/L and 100 µmol/L) were added to a Nunc™ Flat-Bottom Microplate (96-well, Black) (Thermo Fisher Scientific, Roskilde, Denmark) and imaged with the VISQUE InVivo Smart fluorescence imaging and analysis system (Vieworks Co., Ltd, Gyeonggi, Korea) using the following specific excitation and emission filter combinations: blue light (390–490 nm) excitation and red light (690–740 nm) emission. Constant parameters (exposure time: 500 ms; binning: 1 × 1; light intensity: Middle; mode: Low gain) were set and used for imaging.

Detection of radionuclide-derived CR and TCPP emission induced by CR with IVIS optical imaging system
The TCPP (30 µmol/L) and radionuclide 64CuCl2 (4 mCi) were prepared in a 96-well black microplate (Thermo Fisher Scientific). At 0.5 h after preparing the samples, the CR emitted from the radionuclide was visualized using a sensitive CCD camera equipped with an IVIS Lumina optical imaging system (PerkinElmer, Waltham, MA, United States). The luminescent imaging mode with fixed acquisition parameters [emission filter: Open; excitation filter: Block; exposure time: 2 min; binning: 4 × 4; F/Stop (f): 1; field of view (FOV): 5 cm] was used in all experiments. Images of the wells containing the samples were acquired first. The optical signal intensity [total flux (photon/s)] was measured in the regions of interests (ROIs) corresponding to the sample-containing wells, and one empty well was used for background subtraction. Moreover, several high-transmittance long-pass filters of different wavelengths (515, 580, 645, 700, 750, and 800 nm) were used to separate the emission spectrum of TCPP and the Cherenkov light emitted by the radionuclide. A schematic of the experimental setup is shown in Figure 1. Each filter was manually placed on the wells, and images were acquired sequentially (Figure 1A). Image analysis was performed using Living Image 2.6 (PerkinElmer). First, the total flux of the wells containing samples was obtained by subtracting the total flux of the empty background. Subsequently, for each well, the total flux emitted within the window of the adjacent wavelengths of the two filters was calculated from the difference in the total flux measured with each respective filter (Figure 1B). For all pairs of wavelength windows, the total flux of 64CuCl2 + TCPP and 64CuCl2 was obtained by subtracting the total flux of the PB-filled wells. Second, the emission spectrum of TCPP was acquired by plotting the total flux difference between 64CuCl2 + TCPP and 64CuCl2 in the respective wavelength ranges. In addition, differential image analysis was performed to visually assess TCPP fluorescence by subtracting the 64CuCl2 image from the 64CuCl2 + TCPP image using ImageJ [https://imagej.nih.gov/ij/; National Institutes of Health (NIH), Bethesda, Maryland, United States][14]. The same experiment was also performed with 2 mCi and 1 mCi 64CuCl2.

RESULTS
Absorbance and fluorescence spectra of TCPP
The peak of the TCPP absorbance spectrum was in the 390–430 nm range (Figure 2B). In the three-dimensional fluorescence spectral analysis, the peak emission of TCPP was approximately 670 nm with excitation wavelengths of 350–600 nm (Figure 2C). Among the excitation wavelengths, 430 nm was considered the peak excitation wavelength for TCPP because it induced the highest fluorescence emission from TCPP and approximately corresponded with the wavelength of the most intense CR peak.

Concentration-dependent TCPP fluorescence
The FI of TCPP (5–80 µmol/L) linearly correlated with concentrations up to approximately 30 µmol/L. Above 30 µmol/L, the FI slope decreased (Figure 3A). This is likely due to TCPP stacking in the samples. Therefore, only low TCPP concentrations (5–30 µmol/L) were used for fluorescence spectral analysis. We found that the 430 nm wavelength excited TCPP to fluoresce over a range of wavelengths (625–775 nm) with a peak at 670 nm (Figure 3B).

Imaging of TCPP with VISQUE imaging device
The inherent fluorescence characteristics of TCPP emission could be visualized and confirmed using a fluorescence imaging system with a light-emitting diode light source and a set of filters for blue light (390–490 nm) excitation and red light (690–740 nm) emission (Figure 3C). Both filters were compatible with the excitation/emission wavelengths of TCPP (430/670 nm).

Detection of CR and separation of CR-induced emission spectrum of TCPP 
At 0.5 h after preparing the samples in the wells, images were acquired without a filter. Cherenkov luminescence from the radionuclide was detected in the two wells on the left containing 64CuCl2 + TCPP and 64CuCl2, respectively. In contrast, luminescence was not visualized in the two wells on the right containing either PB or TCPP (Figure 4A, upper row). The total flux produced from the light emission of the radionuclides decreased when the wells were covered with long-pass filters of different wavelengths. Serial application of long-pass filters of 515, 580, 645, 700, 750, and 800 nm resulted in a sequential decrease in total flux measured from the ROIs of wells with 64CuCl2 only (Figure 4A, upper row, lower left well) and 64CuCl2 + TCPP (Figure 4A, upper row, upper left well). The TCPP emission spectral band was separated using the following calculation. First, the total flux emitted from 64CuCl2 + TCPP and 64CuCl2 at two adjacent wavelengths was measured. Second, the optical signals for the serial pairs of the wavelength window were calculated based on the difference in the signals measured with each filter. Subsequently, the emission spectrum of TCPP was calculated by subtracting the total flux of 64CuCl2 from that of 64CuCl2 + TCPP. The resulting spectrum is shown in Figure 4. Using ImageJ software (NIH), differential image analysis was conducted by subtracting the 64CuCl2 image from the 64CuCl2 + TCPP image to visually evaluate TCPP fluorescence (Figure 4A, lower row). The spectral peaks with the maximum intensity were in the 645–700 nm window, marked by the red dotted rim in the lower row of Figure 4A and the line graph in Figure 4D. Similar results were obtained for the other two doses, 2 mCi (Figure 4B and D) and 1 mCi (Figure 4C and D). The total flux exhibited a dose-dependent tendency.

DISCUSSION
This study demonstrates that imaging with an optical imaging device coupled with different long-pass filters and subtraction image processing separates the spectra of CR and PS emissions, providing optical images of the emission from a PS at different wavelengths. Although distinguishing the Cherenkov light from the PS emission was difficult, the subtraction image processing effectively separated them. Thus, the combined use of a device set and image processing could be utilized in laboratories with optical imaging devices.
The three-dimensional fluorescence spectral analysis showed that TCPP was excited by light wavelengths from 350 nm to 600 nm, producing a large Stokes shift and an emission peak at approximately 670 nm. The CR spectrum was continuous, peaking at high frequencies (ultraviolet/blue)[15,16]. Therefore, the absorption profile of TCPP (390–430 nm) matched the Cherenkov emission profile.
A bioluminescence imaging device, an IVIS optical imaging system with six different long-pass filters, can provide various optical images of CR plus PS emission. Our lab has an IVIS imaging system and six long-pass filters that are not built into the device but used for other purposes. We manually placed each filter on the wells containing 64Cu and PS and captured optical images (Figure 4A-C, upper rows). When the wells were covered with long-pass filters, the total flux derived from 64Cu-containing wells decreased when the wavelength of the applied filters increased. This could occur because the wavelength of the filters exceeded the maximum emission peak of CR (350–500 nm) and cut off the Cherenkov light. Visually distinguishing the emission from 64CuCl2 and 64CuCl2 + TCPP is challenging, even though the TCPP emission spectrum can be calculated (Figure 4D). Thus, an additional process is required to visualize only the light emitted from the PS.
The PS emissions were distinguished from the CR emissions using image processing. The image data acquired by the IVIS system were processed using ImageJ, a simple and free software package provided by NIH, to obtain the differential image. The TCPP fluorescence image was easily generated by subtracting the 64CuCl2 image from the 64CuCl2 + TCPP image (Figure 4A-C, lower rows). These results displayed a dose-dependent trend. Moreover, both the TCPP fluorescence images (Figure 4A-C, lower rows) and spectra (Figure 4D) were consistent with the results obtained from the fluorescence spectral analysis of the TCPP (Figure 3B), showing a fluorescence peak at 645–700 nm.
Overall, the developed method could be used to compare different PSs and provide information to select the optimal PS. In addition, various laboratories with conventional optical imaging devices could easily apply this method when conducting studies. Some laboratories have appropriate long-pass filters, whereas others could obtain them inexpensively. The ImageJ software is available to all laboratories; however, only a few laboratories can currently screen for appropriate PSs for Cherenkov energy transfer imaging. The proposed method could enable more laboratories to perform these procedures, contributing to the accelerated development of Cherenkov energy transfer imaging for multiple applications. The main objective of this study was to demonstrate the feasibility of the proposed method as a proof of concept; however, the method would need to be more comprehensively tested to address possible limitations. First, the reproducibility would have to be determined and statistically assessed. Second, we evaluated only one PS, namely TCPP. Further studies would have to compare the results for different PSs. Third, we used only one radionuclide, 64CuCl2. Other beta-emitting radioactive sources producing decay products with energies above the Cerenkov threshold (approximately 220 keV) could be employed in future studies[17]. The next step would therefore entail more detailed examinations.

CONCLUSION
A simple method using a CCD optical imaging system in combination with different high-transmission long-pass filters and subtraction image processing was capable of potentially evaluating whether PS candidates are reliably excited by radionuclide-derived CR to produce fluorescence emission. The widespread adoption of this method could be expected to contribute to the discovery of a range of new effective PSs.

ARTICLE HIGHLIGHTS
Research background
Cherenkov radiation (CR) is the emission of photons when a charged particle moves faster than the speed of light in a medium. Various radionuclides produce Cherenkov optical emission, which can potentially activate photosensitizers (PSs) in phototherapy.

Research motivation
Several researchers are investigating CR-induced photodynamic therapy using radioisotopes and Cherenkov energy transfer to PSs using optical imaging. However, the effective management of the process, particularly the cost-effective confirmation that a PS is excited by CR and identifying appropriate PSs, remains a challenge.

Research objectives
The purpose of this study is to propose a cost-effective method to determine whether the PS is excited by radionuclide-derived CR and to distinguish the fluorescence emission from PS excitation.

Research methods
Tetrakis (4-carboxyphenyl) porphyrin (TCPP) and Copper-64 (64CuCl2) were utilized as a model PS and a CR-producing radionuclide, respectively. The photo-physical properties (absorbance and fluorescence spectra) of TCPP were measured using a microplate reader and fluorescence spectrometer. Imaging and data acquisition were performed with a charge-coupled device optical imaging system and appropriate long-pass filters of different wavelengths. To visually evaluate the TCPP fluorescence, differential image analysis was conducted using ImageJ software (National Institutes of Health).

Research results
Optical imaging coupled with high-transmittance long-pass filters and subtraction image processing separated the emission spectra of the radionuclide-derived CR and TCPP. The emission spectra of TCPP were obtained by calculation and subtraction based on the serial signal intensity (total flux) difference between 64CuCl2 + TCPP and 64CuCl2. In addition, the differential fluorescence images of TCPP were acquired by subtracting the 64CuCl2 image from the 64CuCl2 + TCPP image.

Research conclusions
This simple and cost-effective method could confirm the PS fluorescence emission generated by radionuclide-derived CR. Moreover, the method can contribute to accelerating the development of Cherenkov energy transfer imaging and the discovery of new effective PSs.

Research perspectives
Several laboratories with conventional optical imaging devices would be able to acquire suitable long-pass filters at low cost and easily apply this method to compare different PSs to identify the optimal PS. A potential limitation of this study, namely the use of limited experiments with only one PS and one radionuclide, could be addressed by conducting much more detailed examinations as the next step.
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Figure Legends
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Figure 1 Schematic diagram of the optical imaging approach used to detect Cherenkov optical emission and to separate the fluorescence emission of tetrakis (4-carboxyphenyl) porphyrin induced by Cherenkov optical emission. A: Long-pass filters step-cut the Cherenkov light, allowing the separation of tetrakis (4-carboxyphenyl) porphyrin (TCPP) emission; B: The Cherenkov light emitted from the radionuclide was gradually cut off with the appropriate long-pass filters of different wavelengths. The blue and orange curves are schematic representations of the Cherenkov optical emission and TCPP fluorescence spectra, respectively. CCD: Charge-coupled device optical imaging system.
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Figure 2 Chemical structure and photo-physical properties of tetrakis (4-carboxyphenyl) porphyrin. A: Chemical structure of tetrakis (4-carboxyphenyl) porphyrin (TCPP); B: Absorption spectrum of TCPP (100 µmol/L) at 25°C in phosphate buffer; C: Three-dimensional fluorescence spectral analysis of TCPP. Fluorescence emission was observed around 670 nm with an excitation wavelength of 430 nm. Em: Emission wavelength; Ex: Excitation wavelength; MW: Molecular weight; μM: μmol/L.
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Figure 3 Tetrakis (4-carboxyphenyl) porphyrin fluorescence emission. A: Fluorescence emission intensity of tetrakis (4-carboxyphenyl) porphyrin (TCPP) prepared at different concentrations (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, and 80 µmol/L in PB) measured by setting the excitation wavelength to 430 nm and emission wavelength to 670 nm. The relationship is linear up to approximately 30 µmol/L; B: The fluorescence spectra of low TCPP concentrations (5, 10, 15, 20, 25, and 30 µmol/L) were measured with the excitation wavelength set to 430 nm; C: Visualization of TCPP fluorescence emission using a light-emitting diode light source, blue light excitation filter (390–490 nm), and red light emission filter (690–740 nm). Em: Emission wavelength; Ex: Excitation wavelength; mM: mmol/L; PB: Phosphate buffer; μM: μmol/L.
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Figure 4 Detection of Cherenkov radiation and emission spectrum of tetrakis (4-carboxyphenyl) porphyrin induced by Cherenkov radiation. A: Bioluminescence imaging of prepared samples 64CuCl2 (4 mCi) and 64CuCl2 (4 mCi) + tetrakis (4-carboxyphenyl) porphyrin (TCPP) (30 μmol/L) with or without covering by long-pass filters (upper row), and TCPP fluorescence image after subtraction in differential image analysis (lower row); B: Similar images acquired from the experiment using 64CuCl2 (2 mCi); C: Similar images acquired from the experiment using 64CuCl2 (1 mCi); D: TCPP fluorescence spectrum calculated by subtracting the total flux of 64CuCl2 from that of 64CuCl2 + TCPP. The spectral peak was found in the 645–700 nm window. The peak is indicated by the red dotted circle. 64Cu: 64CuCl2; PB: Phosphate buffer; μM: μmol/L.
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